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SUMMARY

This paper reviews procedures for distinguishing between acoustic
emission (AE) from fatigue crack propagation and from spurious sources in
aircraft applications. Particular emphasis is placed on the development at +'
Aeronautical Research Laboratory (ARL) (& procedures applicable during AE
monitoring of complex-shaped components. Firstt, procedures to eliminate
extraneous sources are evaluated, including theuse of guard sensors and
source location systems. The capabilities of additional signal-processing
(which in principle can range from adaptive to non-adaptive) for identifying
and locating AE from fatigue crack propagation are then evaluated. The
problems in applying adaptive processing are illustrated by AE results from a
Macchi aircraft in-flight and a Mirage aircraft during full-scale fatigue
testing. The ARL development of semi-adaptive processing based on
background research on AE sources, sensors, calibration and other techniques
is 4lesddescribed. " uccessful application of this processing to the Mirage
test above is then detailed, and the value of using reduced adaptation in
processing is demonstrated. Finally, factors affecting future in-flight AE
monitoring are discussed. " -, c4, 'j/y .:
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no high performance of modem military aircraft is achieved largely by using
materials which are at. the forefront of development in materials technology.
Advanced concepts, such as damage tolerance, are applied to assure airworthiness of
structural components made from such materials. However, a requirement for the
application of airworthiness procedures based on damage tolerance in aircraft
components is the availability of reliable nondestructive inspection (NDD techniques
for the detection, monitoring and sizing of sub-critical defects.

In principle, NDI-monitoring of crack growth should be achievable using a range
f techniques including strain measurements, ultrasonic testing, eddy-current

inspection and acoustic emission (AE). The AE technique holds particular promise ,
viz. (i) defects can be monitored in complex-shaped components; (Ii) the defects can
be in inaccessible locations, e.g. beneath cover plates or on the curved surfaces of
holes; (ii) precise knowledge of the exact location of the defects is not needed; (iv)
defects significance can be assessed continuously. However, particular problems can
be expected when applying AE to aircraft monitoring2 , e.g. (I) special techniques
are needed to separate damage-related AE signals and AE from the many highly
active spurious sources; (ii) a defect-related AE source in a complex-ehaped aircraft
component cannot be identified directly on the basis of features obtained from the
source in a laboratory specimen; (lii) the free space in modern aircraft is often
extremely limited, necessitating the development of special AE equipment for flight
applications.

The main purpose of this paper is to review the procedures for distinguishing
between AE sources in aircraft applications. Particular emphasis is placed on the
development at Aeronautical Research Laboratories (ARL) of procedures applicable
for AE monitoring of complex-shaped aircraft components not readily inspected in
situ by more conventional NDI techniques. The ARL research has included AE
monitoring of a Macchi trainer aircraft in-flight s and a Mirage jet-fighter aircraft
during full-scale fatigue testing I gas well as both theoretical 6 and
experimental 1 background studies. Related developments at other laboratories,
including AERE Harwell' 10, Royal Military College Kingston 11 12, Lockheed,
Battelle Pacific Northwest Laboratories and Rockwell Science Centre 13 14 are also
discussed in context.

BETWEEN AR BOURCES

Many spurious AE sources are likely to be active In an aircraft during flight"
or fatigue-testing' 6 , e.g. sources associated with gas flow, electomagnetic
interference, hydraulic noise, mechanical noise, transient electronic noise, local

debonding of composite repair patches and fretting (of crack faces, of bolts in holes,
of other attachment fixtures and between components such as a wing-skin and a
wing-spar). Hence, considerable signal-processing is required to distinguish between
such sources and AE from fatigue crack propagation.

-7"-- m V.-lmm m-k l i m
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Of the many spurious sources above, vibration signals usually occur below 100
kHz, whereas AR from fatigue crack propagation contains frequency components up
to many megahertz. Hence, filtering can be usd to distinguish between these
sources. Moreover, modern AB equipment is usually adequately protected against
transient electromagnetic interference signals which usually occur at very high
frequencies.

Source location systems can locate AE sources (whether spurious or damage-
related) within, and reject extraneous sources from outside, a region of interest.
Differences in arrival times of elastic waves at an array of sensors are measured, a
wave speed is assumed and algorithms are used to calculate the location of the AE
source. Some location systems assign co-ordinates to the source while others assign
it to a aone within the region of interest.

Source location is most readily achieved in simple structures where the mode
of wave propagation is known 2, z* However, problems arise in complex-shaped
aircraft components where wave propagation occurs as multiple combinations of
longitudinal, shear and Rayleigh waves. The type of wave detected by each sensor in
an array depends on the magnitude of the AE source, the sensor sensitivity to
different wave modes, the relative locations of source and sensor, and the effects of
boundaries on th presence of reflected or mode-converted waves. Hence, AE source
location in an irregular 3-D structure generally requires an extensive sensor array,
complicated algorithms and time-consuming computation.

Guard sensors can be used in combination with a sensor array to limit the
detection of AE sources extraneous to a region of interest. Noise sources external to
the array are identified and a guard sensor is mounted between the unwanted source
and the sensor array AE events reaching the guard sensor before reaching the array
are rejected. Alternatively, rejection is controlled by measuring differences in time
of flight between guard and array sensors. The effectiveness of guard sensors
depends on factors such as accuracy of the wave speed used for calculation of time
of flight, the number of guard sensors used and the activity of any extraneous
sources.

Our experience has shown that (i) highly active extraneous sources (which are
often difficult to locate and identify) are prevalent in aircraft applications, (ii) the
use of large number of guard sensors is often insufficient to eliminate the detection
of AE from all extraneous sources, (iI) assignment of a suitable wave speed for
accurate source location in a complex structure is difficult, and (iv) spurious sources
(e.. fretting) within the region of interest cannot be eliminated by source location in
a complex-shaped structure. Clearly, additional signal processing is needed to
di i between AE signals from crack growth ad other possible sources in
aircraft applicationm.

Meniflesatiom of ratgu crak Prep"atiam

In principle, Wgal procesing additional to that described above can range
frc- adaptive processing, Involving empirical analysis of large quantities of AE data' on the basis of no knowledge of AZ source characteristics, to non-adaptive
P.......ng. involvin quantitative &i.lysla of well-definei AL datp n.ting e se Ive V.
prioi hsfm'mation t on AN source chatctertiatcs. In practice, the selection of
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14 sujtable processing depends upon the availability and usability of such a priori
Information'.I Non-adaptive processing appears relatively straight-forward when an "ideal"
sensor (having a calibrated, wide-bend response to a simple, physical parameter such
as displacement normal to a surface) is used for the AE measurements and a simple-
shaped structure is under investigation i. However, non-adaptive processing is
usually not feasible In aircraft applications due to the limited information available
both on AR sources in aircraft materials and oan the wide range of possible spurious
sources. Moreover, much of the known information (e.g. the directivity pattern of a
microcrack source) is not measurable in complex-shaped components.

Adaptive signal processing is based on applying empirical pattern recognition
analysis to extract the features of possible AE sources from training sets of
data 11 11* -o Source discrimination in an arbitrary data set is then undertaken
using an appropriate combination of features to achieve an "acceptable" error rate.
Application of this statistical approach has not been particularly successful because
() wel-defined data sets from likely sources (e.g. crack face rubbing) are not usually
available for analysis, and (ii) propagation-and sensor-related (rather than source-
related) features tend to be extracted from the training sets. Nevertheless, given
the lack of alternatives, early ARL studies on complex-shaped structures (see below)
were based on applying simple adaptive processing to an AE training set from an
aircraft component to obtain an empirical relationship between crack growth and an
A1 parameter. This relationship could then be used to monitor the same type of
component in a fleet of aircraft, if required.

ADAPTVE AE MONPIORING

-The k-light Momitoring of a Machi Aircraft

Royal Australian Air Force (RAAF) Macchi jet-trainer aircraft are being flown
under a safety-by-inspection procedure whereby growing fatigue cracks in bolt holes
in the centre-section assembly tension spar are monitored using a magnetic rubber
inspection technique. AE equipment developed by Battelle Pacific Laboratories was
installed to monitor this region in flight 1. The compact AE system comprised 2
sensors for source location into zones by time-of-flight measurements. Sensors
resonant at 400 kHz were selected to minimize the effects of aircraft noise. One
sensor was used to detect AE events, with the in-flight AE data being stored in an
EPROM for later analysis at ARL. For most of the in-flight AE monitoring, a zone
surrounding bolt hole 20 (at which maximum crack growth had previously occurred)
was monitored (Flg.1). It zone surrounding bolt hole 19 (which was expected to be
crack-free) was also monitored for several short periods, with the aim of obtaining a
training set for AE from bolt-fretting in the absence of cracking.

Finally, the spar was removed from the aircraft for routine maintenance and
was monitored by AE during laboratory fatigue testing to failure, without brackets,
panels and bolts in places '; this testing provided for analysis a training set
comprising AE from crack growth and (possibly) crack face rubbing and sources
associated with the loading rig.

. . -I

. : - I '



DELOPUM OF AR MONMrRJNG OF AIRCRA"r

141

HOLE S S HOLE HOLE HOLE
~21 HOLE~/ 19 18 17

CHANNEL 0 ZONE N

AE 4-CHANNEL A AE
T~RANSDUCER TRANSDUCER

HOLE S HOLE S HOLE HOLE HOLE
21 2R19 i8 17

S

S - SCREW HOLE

(b)

173 mm

A A HOE AE TRANSDUCER L $
0 20~2 F 0 0

HOLE IIHOLE HOLE HOLE
POT21 19 18 17

APPROXIMATELY 25 mm STARBOARD
EXTENDING AROUND BOOM

i r 1 Location of AE sensors and zone (hatched area) encompassing boleAO0 for
Macchi wing centre section assembly boom: (a) plan view and (b) side elevation



C.M. SCALA, S.J. BOWLES and I.G. SCOTT'
151

During flight, hole 19 gave considerable AE, but was also found to contain
cracks. Hence, use of this training set for AE from bolt-fretting was invalid.
Furthermore, a complicated relationship was obtained between AE events and the
crack growth rate in hole 20, with considerably different behaviour being observed
under flight and laboratory conditions (Fig.2). While these differences could have
been defect-related, the results are open to a number of interpretations 2 1 given
the different loading conditions used in two cases, the absence of bolts during fatigue
testing, etc. Clearly, a more advanced approach to the acquisition and analysis of
AE data was required to distinguish between sources in aircraft applications, rather
than relying on the two sensor source location system and simple processing of AE
events.
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FAIIJRZ 2 Cumulative valid AE events versus total crack surface length in hole 20
for duration of flight trials and laboratory fatigue testing. The fiat point (M) of
laboratory data corresponds to application of "marker" load sequence
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TM Foll-sa esting of a Mirage A-eraft

Adaptive processing was also applied in the AE monitoring of slow fatigue
crack propagation in fatigue-critical holes in wing RH79 in a Mirage aircraft
underging full-scale fatigue testing. However, the AE system developed for this
test by Battelle (under ARL contract) incorporated guard sensors and a more
extensive source location system than bad been used in the Macchi study, and also
allowed the acquisition of parametric AE data 22

The Mirage fatigue test was carried out at the Swiss Federal Aircraft Factory
(F+W), Emmen, where the aircraft was subjected to loading variable in both
amplitude and frequency to simulate flight conditions. The 26 holes monitored by AE
were in the bottom flange of the main wing-spar of wing RH79 (Fig.3) (this region is
subsequently referred to as the critical part of the flange). Close-tolerance
fasteners were used in the rear flange holes, with holes 1 to 5 also containing
interference-fit stainless steel bush inserts; interference-fit fasteners were used in
the forward flange holes.

At COLIN
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FJKIURU 8 The AE zone location and guard systems used to monitor Mirage wing ,
RH79.
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Nine guard sensors were used to minimize the detection of sources extraneous
to the critical part of the bottom flange and a 6-sensor array was used to locate
sources within 20 zones in the critical part of the flange (Figs. 3&4). The parametric
data collected were the pulse height (PH) and peak time (PT) of AE events detected
at a resonant senor located at A (Fig.4), the zone number assigned to the event and
the time in seconds relative to the start of the test.

The PH and Pr data obtained from the Mirage wing RH79 were complex, with
several sources appearing to contribute to the AE detected in each zone. However,
rather than being related to source characteristics, the AE data were clearly
dominated by the effect of the resonant sensor used 23 24 2. Hence, the subtle
differences which exist between sources such as cracking and fretting 13 could not
be detected. Furthermore, the PH and PT data varied from zone to zone, depending
on the sensor/zone separation.

Hence, no simple parameter could be found relating AE to cracking in all the
zones monitored. Clearly, processing based on the use of guard sensors and a multi-
sensor location system and the analysis of parametric data acquired using a resonant
sensor were insufficient to identify cracking in a large region of the complex-shaped
Mirage wing-spr.

C2 C
GE ~ Po/i 02MIAGE MARN*RAJAI

ZONE NO. 2 4 6 8 1011 14 1, 6 18 20 I

00 M FASTENER HOLES
• AE SENSORS

5 STRAIN GAUGES

YMMM 4 The AE senor array (A,1,C1,C2,D1 and D2), guard sensors and zoneg.2-21
shown on the lower surface of the bottom flange of the Mirage wing-spar RH79"2 .
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Crit ial Asssmmsent

While the adaptive signal processing failed to distinguish between spurious
sources and AE from fatigue crack propagation In either the Mirage or Macchi
aircraft applications, the Macchi test demonstrated that (i) compact AE equipment
could be incorporated into an aircraft, and (ii) the continuous AZ-monitoring of a
large region of an aircraft in flight was feasible. The Macchi test therefore provided
the necessary impetus for the further development of AE signal-processing for
complex-shaped aircraft components; the Mirage test showed that advanced signal-
processing would be necessary for this purpose.

THE DEVELOPMENT OF SEMI-ADAPTIVE PROC NG

A reduction in the degree of ads tation in signal-processing should lead to
greater success in the application of the processing. Hence, semi-adaptive signal-
processing of AE data was developed, incorporating information on AE sources
obtained during the following background research studies at ARL.

acground Researh

The ARL background research included theoretical and experimental studies of
sources in aircraft aluminium alloys, modelling of fatigue crack propagation during
complex load-cycling, investigation of the errors in source location, sensor
evaluation, the development of waveform analysis procedures and the assessment of
calibration procedures for the prediction of AE features during fatigue crack
propagation.

Theoretical work at ARL

Cracking of inclusions, or matrix material, in a quasi-brittle manner results in
the release of energy in the form of stress waves, i.e. AE. The generation of such
stress waves was studied theoretically for a straight crack in an infinite body and for
an idealized model of inclusion fracture 1. The stress waves were found to depend
on the change in the crack speed at the time of generation of the waves as well as on
the stress-intensity factor.

Sources In aircraft aluminium alloys A study was made of AE detected during uni-
directional plastic deformation under tension or compression of aluminium alloys
2024-T351 and 2124-T351 2. It was concluded that the fracture of brittle inclusions
is the primary source of AE detected during tensile testing. AE from slip was
detected only when the aircraft alloys were heat-treated (aged) to non-standard
conditions. This serves to emphasise that AE is determined not only by the applied
stress system and the size and number of inclusions but also by the aged
microstructure.

The work on AE in aluminium alloys was extended to include crack growth
studies, conducted under constant amplitude loading conditions 1. The results were
consistent with AE associated with the fracture of brittle inclusions in the plastic
zone ahead of the crack tip as the primary AE source detected. (Later theoretical
work at Northwestern University 2? suggested that the likelihood of detecting AE
from inclusion fracture was greater for inclusions fracturing close to the crack-tip
than for inclusions fracturing elsewhere in the plastic zone.) The AE associated with
inclusion fracture occurred principally at the top of the load cycle, but did not occur

- I _inm mlm__ _ _mi i I -



C.M. SCALA, S.J. BOWLES and I.G. SCOTT

[91

necessarily on every load cycle. Under the specific conditions of the test, a linear
relationship was found between the average counts per load cycle and the average
crack growth per load cycle for each alloy. Further AE tests were undertaken on
alloy 6061-T651, chosen because its inclusions were small and the AE associated with
inclusion fracture within the crack-tip plastic zone was therefore expected to be
minimal, based on the results of the ARL theoretical studies '. AE due to crack
extension alone was found to be insignificant and it was predicted to be so in all
commercial aluminium-base alloys tested under similar conditions 2 ". Thus, AE
detected during fatigue crack growth in such alloys is likely to arise from events
within the crack-tip plastic zone (and/or from crack-face rubbing), a finding
corroborated by research at Royal Military College 1 2 1 .

More recently, fatigue cracks were grown in 2024-T351 aluminium alloy
specimens cycled between fixed load limits, subjected to an overload and
subsequently cycled between the original load limits 2 . During the 3verload, AE
associated with inclusion fracture commenced at the peak cyclic load and continued
until the overload peak was reached. For many cycles after the overload, the AE
activity was significantly less than that prior to the application of the overload but
gradually resumed it pre-overload level.

The results of other researchers (see below) suggest that AE from spurious
sources could occur at a range of different load-cycle positions, depending on factors
like the loading conditions used (load limits, non-axiality in load application, etc.),
the specimen configuration and microstructural considerations. For example, AE
from fretting of a bolt in a hole was observed on negative load gradients for fixed
load limit cycling of bolted plates I, and at other load-cycle positions for
misaligned specimens. AE from crack-face rubbing has usually been observed on
positive load gradients, occurring both below the mean load and repetitively for
many hundreds of cycles before ceasing abruptly 30 1. Results of a recent
study 1-0 suggest that AE from crack-face rubbing could also occur at the top of a
load cycle under certain experimental conditions. However, the results of this study
were difficult to evaluate, because of the possible effects of an inhomogeneous size
distribution of inclusions on the AE detected during a limited number of load cycles.

Sensors In the course of a sensor evaluation program 32, it was established that
detailed determination of AE source characteristics can only be achieved if AE
measurements are made using a wide-band sensor rather than a resonant sensor (as in
the earlier Macchi and Mirage aircraft studies). Quantitative analysis requires
additional sensor characteristics.

AE source-location A comparison 33 between results obtained from a state-of-the-
art AE source location system (with a four-sensor array) and computer-modelled
results shcwed that accurate location of remote AE sources is difficult even i:. a
simple structure (i.e. a flat plate). Near the array sensors, the location equations
yielded ambiguous or imaginary solutions and outside the array accuracies diminished
rapidly. E~perimentally, problems were experienced in setting detection levels, with
different levels resulting in the detection of different plate modes (Table D. Hence,
even greater problems could be expected if source-location techniques were applied
to more complex-shaped structures.

-
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TABLE I Overall means of variances of A T (arrival times) for waves
generated using range of driver levels and detected by an array sensor 600 mm
from the pulser but on the same surface of a 6 mm thick aluminium plate.
Mean time positions of individual distributions of AT and percentages of
measurements represented by them are also given ".

Pulse Mean & var. Mean AT's in Ms (and percentage of measurements
drive of AT (ps) represented) of individual distributions
level

Max 81.56 + 0.50 81.56 (100%)
1 82.19 + 1.38 81.60 (82.9%); 85.04 (17.1%)
2 84.32 + 1.52 81.58 (20.7%); 85.08 (78.9%)
4 81.89 + 0.68 81.79 (96.7%);
5 82.83 + 1.57 81.81 (68.9%) 85.09 (31.1%)
6 83.50 + 0.52 83.49 (100%);
8 84.11 + 1.42 83.15 (59.9%); 85.70 (38.8%)
Min 87.08 + 0.33 87.08 (100%)

Waveform analysis to distinguish between sources Many useful features for
distinguishing between sources can be obtained from accurately recorded AE
waveforms 9 25 ". At ARL a computer program was used to extract features
from digitized waveforms and to provide a means for applying acceptance/rejection
criteria (based on these features) to distinguish between sources 8. The program
allowed examination of the following features:

1. Saturation data: a waveform was rejected if it was clipped.
2. Rise-time and duration: minimum acceptable values were set.
3. Shape factors in the time domain: mean, standard deviation, skewness and

kurtosis ( a. ) were calculated.
4. The autocorrelation function C. (j is the numeric separation between two

arbitrary points in the digitized aveform): acceptance/rejection criteria were
determined based on dC./dj=O.

5. Spectral information: iourier transforms were obtained and power ratios for
five frequency bands compared.

Features extracted from a set of AE waveforms depend not only on the type of
source but also on several other factors, viz. (i) the source location, (ii) the sensor
used to obtain the waveforms, (iii) the test-piece, and (iv) the position of the sensor
on the test-piece. Hence, the features found to distinguish between AE from
different sources in a particular application cannot simply be used to identify the
emission from such sources in an arbitrary application. However, if a suitable source
can be selected to simulate a defect-related source of interest, then the simulated
source can be used to predict the features appropriate to different combinations of
test-piece, sensor and source "ocation. Acceptance/rejection criteria can then be
formulated from these features and applied to AE waveforms detected during
structural monitoring.

The above procedure was successfully used in a research laboratory application
to distinguish between AE waveforms from inclusion fracture and from extraneous
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sources including gas flow, electromagnetic interference, mechanical noise and
transient electronic noise . no features used to formulate the
acceptancelrejection criteria were rise-time, duration and the value of j for the first
minimum in C which wore obtained using Pentel lead fracture " as a source
simulating AE Lsociated with inclusion fracture (Table I). 'Me procedure was also
used to distinguish between different locations of the simulated source. Hence,
possible discrepancies in the (source) location of cracking by sensor arrays could be
checked by comparing measured features and features predicted for a given location
using a simulated source.

TABLE II A selection of features, a. C, and j (see background studies),
extracted from waveforms from several AE sources. The percentage of
waveforms meeting minimum risetime and duration criteria are shown. The
combination of features of the autocorrelation function and risetime/duration
of AE waveforms enabled extraneous and damge-related sources to be
distinguished. In addition, the Pentel source gave similar features to AE from
inclusion fracture, showing its usefulness as a simulated source.

Source type aC %

Extraneous:

Gas flow 2.72-3.33 0.99 34-38 0

Electromagnetic
interference 3.32-6.83 -0.12-0.17 1 60

Mechanical
noise 2.96-4.79 0.98-0.99 33-39 100

Transient
electronic noise 3.42-25.43 0.68-0.87 5 0

Damage-related:

Inclusion
fracture 1.66-5.63 0.84-0.91 5-8 100

Simulated:

Pencil lead
fracture 5.06-7.05 0.90-0.94 7-8 100

Load dependence of AS from cack growth The earlier AE results obtained during
the application of a single overload amidst otherwise constant amplitude load cycling
of aircraft aluminium alloys indicated that the load dependence of AE associated
with crack propagation could be a useful feature for source identification.
Therefore, an attempt was made to extrapolate from these earlier AE results to
model the likely load dependence of AE due to cracking during the more random
loading typical of aircraft applications. The model I was based on well-established
results on the effects of the amplitude and frequency of loding on the likelihood of

______ 1
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fatigue crack propagation. Analogouly to the load dependence of AE during
application of a single overload, the model proposed that, an any given cycle during
random load-cycling, AE associated with fatigue crack propagation could occur in a
load range defined by a positive load gradient between a lower load level (denoted
ML) and the top of the cycle.

The main steps in calculating ML, which could vary from cycle to cycle
(depending on loading history), were as follows:

(i) An arbitrary constant amplitude loading level (LC) was selected and
Initially set as ML (FIg.5(a)).
(i) The first load cycle having an amplitude above this level was treated as a
dominating overload whose amplitude was defined as L4% with AE associated
with fatigue crack propagation being possible between ML and LO0 (Fig.5(a)).
(iii) ML was set to LO0 immediately after the overload L40 but ML was then
assumed to decrease exponentially during subsequent cycling (corresponding to
the diminishing effect of the overload) according to the formula LO*exp(-
(n*LC/(T*LO)). where T was a set decay constant and n was the number of
cycles after application of the dominating overload LO.
(iv) For each cycle n during this subsequent cycling, AE associated with crack
propagation was assumed to be possible on a positive load gradient from the
stage at which the load level again exceeded ML (corresponding to n) until a
peak load was reached. The peak load was treated as an additional
(dominating) overload If its amplitude exceeded LC (Flg.5(b)). The amplitude
of this additional overload was then set as LO and (iii) recalculated on this
basis for the cycles following the second overload. (Step (iv) was applied
repetitively (Fig.5(c)).)

This calculation would result in the exclusion of any AE associated with fatigue
crack propagation at the tops of a number of cycles following an overload (Fig.5) but
the source would be more likely to occur in the load range between ML and the top
of the cycle (denoted range 1).

The relationship between AE activity and load for spurious sources could be
expected to differ from that for fatigue crack propagation. Hence, three additional
loading ranges were defined wherein AE activity could be compared with range 1
activity. For each cycle dominated by an overload LO, the ranges were set relative
to thl cr-ck opening load levcl (i.e. > 0.C*LO) and crack closing level (i.e. < 0.4*LO)
for the overload. The ranges, labelled 2-4, were:

(2) decreasing load above 0.6*L0
(3) decreasing load below 0.4*LO
(4) increasing load above 0.6*LO

A computer program was written to enable comparison of the AE in the four loading
ranges and the possible distinction of AE sources on this basis.

|?
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(a)

Ttme

1~~h5 Reg0ons on the loading cur"e where AE from fatigue crack propagation
could occur are shown as heavy lines and ML (the lower level at which AE from
fatigue crack propagation could occu oa a given cycle) is shown dashed (a decay
constant of 10 cycles; is assumed)-

(a) appUiction of single overload (DO) amidst otherwise constant am~plitude (IC)
food cycling for LO-L.50LC
(b) application of a second overload
(c) random load cycling, typical ot aircrat applications.
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A procedure for semi-adaptive processing of AE data was developed at ARL for
AZ-monitoring of complex-shaped aircraft structures based upon the AE results
obtained, the computer progrems written and the procedures established in the
background research above. Two types of semi-adaptive processing were proposed.
Kach type was based (to a greater or liner extent) on the use of limited a priori
information on AZ sources. The first type incorporated known information in the
processing of AE waveforms from which a wide variety of features could be
extracted. The second, more adaptive (or empirical) processing was based on the
extrapolation of the known data on the load dependence of AE events and was
developed with the aim of simplifying future instrumentation.

The semi-adaptive processing of AE waveforms ' involved the
identification of AE due to fatigue crack propagation by a comparison between (I)
features extracted by patter-reconition analysis of emission detected during
aircraft-monitoring, and (ii) features predicted for AE due to fatigue crack
propagation. Feature prediction was based on (I) the known and usable information
on AE sources in complex-shaped structures, and (ii) wave propagation
characteristics, determined from calibration studies sing a Pentel-lead source
known to simulate closely AE from fatigue cracking (see earlier). Risetime and
autocorrelation function characteristics (extracted from AE waveforms, acquired
using a wide-band sensor so that sensor characteristics do not dominate the pattern
recognition analysis) and known data on the position on the load cycle of AE event
occurrence where used as criteria to select AE from fatigue-cracking.

The more empirical processing involved a comparison between the observed
load dependence of AZ events and the behaviour predicted (by extrapolating from the
known data) for AZ due to fatigue crack propagation during random load-cycling.
Cracking Indications were obtained by comparing the AE activity in the likely
fatigue crack propagation range and in three other ranges (described above) in the
loading curve.

Further details on the semi-adaptive processing are given in the next section in
respect to its application to the problem of Identifying and locating AE from fatigue
crack propagation in Mirage aircraft.

81Ma-ADAPn1VE PROCROMN OF AIR FROM A MMGEACR

Oview of Esperlmental Details

The equipment and procedure for AE monitoring of the full-scale fatigue test
of a Mirage aircraft were modified to allow implementation of semi-adaptive
processing R a#. The modified data acquisition system contained a sensor
army ead guard sensors (as in the AZ monitoring of wing RH79 described earlier) but
also Included a wide-bend sensor for waveform acquisition and enabled the
measurement of the load-cycle dependence of AZ events. In addition, the procedure
included calibration studies using a simulated AZ source. A second Minrge wing
(MMIS) was instrumented with the modified AZ equipment and the slow fatigue crack
propsgstb espected in several fatigue-crItical holes In the main wing-spar of the
aircraft wee monitored. The complex-shaped wing-spar was made from a relatively
'dirty" aluminium alloy (AU48G), which usually contains many lars, brittle
inclusions. Hence AZa ssocated with the fracture of inchomiom was the likely

"k -'
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damage-related AE source to be distinguished from the spurious sources present
during the fatigue testing.

The fatIgue-critical region monitored in the bottom flange of the main wing-
spar of wing RHIS was smaller than the region monitored in wing RH79. The holes
monitored comprised the twelve bolt-holes (containing interference-fit bolts) closest
to the aircraft's mainframe on the forward side of the flange, the two empty single-
leg-anchor-nut (SLAN) rivet holes on the rear side of the flange, and the eight bolt
holes (containing close-tolerance bolts) nearest to the mainframe on the rear side of
the flange (as with wing RH79, this monitored region is referred to as the critical
part of the flange). A refurbishment programme used on wing RH56 had resulted in
interference-fit, stainless steel bushes being inserted in the five rear bolt holes
closest to the mainframe T while the first seven rear bolts attached not only the
win-skin but also a metal-patch repair to the skin; also, a boron-fibre patch repair
had been adhesively bonded to part of the wing-skin (Fig.6).

rWinq-akin and metal patchW- 'Wing-skin
and boron

fibre patch

gone no.:

Mirage-.-- Bottom A B
mainframe flange D2

Forwardi

direction

J8M3 9 Schematic view of the lower surface of Mirage wing RH5S5 showing
(D part of the bottom flange, wing-skim and repair patches;
(i) the location of the sensor array (A. B, C1, C2, D1 and D2) used for zone
assgnment;
(lii) the bolt holes an empty SIAN rivet holes;
(v) the AE zones 4-19.

*1
q f.
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I Complete dotails of the modified AB data acqu-isition system have been givenprvoul . noe system comprised a six-sensor army and nine guard sensors
to minimize the dtection of sources extraneous to the critical part of the bottom
flange and to locate sources within sixteen zones within the critical part of the
flange (Pips. 6&7).

I GUl 7 Location on lower surface of Mirage wing RHM of guard sensors GI and
02 on the bottom flange of the wing-spar, guard sensors GS,0G4 and G5 on a patch on
the wing-sin, wefor esr W (used earlier for adaptive monitoring), WI and

* Al. and the sensor ara?. "or
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-a* following data wor-obtained during fatigue testing

(D, Coatnow aoefotio f sw strin-gauge Information, the pulse height and
pe k time of AE even (detectd at a resonunt assor located at A (Fig, 7), the zone
number snd ta time in secca relative to the start of the test.

GiD Acquisition of AZ waveforms for a short period; the waveforms were
acquired following 800 simulated flights i the fatigue test, and were detected using
wide-bad sensors located at either Al or W1 (Fig. 7) (the waveforms were recorded
with corresponding zoning Information, the time and strain gauge data).

(lii) Acquisition of additional waveforms in calibration studies, using the
fracture of Pentel lead to simulate AZ associated with inclusion fracture. The zone
assignment for each simulated source location was recorded with each AE waveform.

AN Waveform Aala

Procedure Zoning data from the Pentel lead calibration studies above were used to
assess the effectiveness of the guard sensors and the accuracy of source-location by
the sensor array.

Two criteria were formulated from autocorrelation function and risetime
characteristics of the Pentel lead waveforms in order to reject AE waveforms from
spurious som during fatigue testing on the basi of features related to wave
propagation. Criterion (I) specified features of Pentel lead fractures generated
anywhere within the criticalpart of the flange; criterion (ii) specified the features
obtained from Pentel lead fractures at all the holes In the critical part of the
flange. An additional criterion (denoted (liD), based on a usable source-related
feature of AE associated with Inclusion fracture was also opecified: AE waveforms
war defined as having the load-dependence of a damage-related source if they
occurred intermittently at the tops of load-cycles. (AZ associated with Inclusion
fracture could also be expected to occur on a positive load gradient (see background
studies).)

A comparison between the features extracted from AE waveforms detected
during fatigue-testing and the features predicted for AE from fatigue crack
propagation in the critical part of the bottom flange was made In three steps, with
each succeeding step involving examination of more precise features. The first step
involved applying the above criterion (D to the AE waveforms detected during
fatigue testing to eliminate AE from sources extraneous to the bottom flange. The
second step involved applying criteria (ii) and (iii), in order to determine any AE-
based cracking Indications in the flange, without (at this stage) attempting to obtain
the actual location of the cracking. The third step involved determining the location
of the cracking by a direct comparison between features of thoe AZ waveforms
attributed in step 2 to fatigue crack propagation and the features of Pentel lead
fractures obtained at specific holes.

AN s- tor umum 10 and 11, T application of semi-adaptive processing to AE
waveforms to eliminate Al from spurious sources and to detect fatigue crack
p rope acm be demostrated by detailed emination of AS waveforms assigned
to sens 10 wd 11. (NMe onalysis p ise tative of that involved for any of the
sam mons m m m mm'later).)



RUVCPM3IW OF AN KOWIVBD OF AIRCRAFT

The te sing Postal lad AS events *wdthat theaccuracy of the sou.c
lcation oputam vaied with the position of the simlated source: in particular,
Weiant ewpaad inow- dW the ai-puat aof hean A and 3 were moore accurately
located Smevents usneratsd noar the amo themselves *.For example,
eveats gemerated at -in-m-- locatiuis arun the som 11 hole wer usaly ssigned

Criterion GI) was specified from the Pestel results as follows: an AM waveform
was Identifiedl as ogiatin within the critical part of the bottom flang if its
ristie was less thea 100 pe and the first amitissl in its autocorrelntion

fnto anre at aMg of 21 or lssm 77% of "h AZ wavefaom assigned to zone
10, and 25% of those assgned to zse 11, failed to meet this criterion. Haes, the

* ~good system was dleary mdetifctory for zowe 11, but allowed significant AR from
an extraneous smom to be located in zone 10. Baeed os approximate calculations,

thextraneous sure was eaciated with an unguarded fairing attahment
* extending from the mainframe to the nearby wing-sin.

Criterion (II wams specified from the Pentol lead results as follows: an AE
waveform was defined am origiating at any of the hols In the critical part of the
flage NIf t exhibited a risetims of lass than 50 pis and first minimum in its

autcorellosfunction at the lag of 21 or less AZ waveforms satisfying criteria
* (ID and (Ill were ssigned to zone 11 but not to zone 10 during fatigue testing 5

Hence, at thin stage in processing, indications of cracking in the spar were obtained
for AN waveforms assigned to anme 11.

The indications of cracking for AE waveform assigned to zone 11 could have
been due to cracking in either the sone 9 or the sons 11 hole, given the assignment
(above) of Neatal lead events by the location system. Hence, the final step in
processing involved checking the location of the zone 11 waveforms stisfying
criterion OII by a comparison between their features and the Pastel lead feature for
the zone 9 and 11 holes. It was found that, for both waveform sensor locations used,
the acme 11 waveforms exhibited features corresponding to Posal events at the zone
9, and not the sone 11 hole. Calculations based on the spar geometry confirmed that
xone 9 events would be swigned to zone 11 when first-arrival waves weon
longitudinal, rather tha Rayleigh. and were of sufficient amplitude to be detected
by the sensor array. Beame, the AZ waveform processing gave a cracking indication
in the sane 9hbole.

AR In etho owes Zone 5 and 9 were the only other zones, to which waveforms
meetng criteria (U) and GiiI) were assigned during fatigue testing' A detailed
comparison at the features of these zone 5 and 9 waveorms with eNtal lead results
Indlicated tht these waveforms were due to cracking in the zone 5 holes.

CeM~i at PA a" t s result quastitative fractagrephy" following
aumpketon at the Molem fatigue testing at Uinge wing RH5M showed that several
large ens~ had spropeted In the wing-spar at the sane 5 and some 9 holes during
the fatigue NOt(g. ftcrckn from a 5 are MM fa iure of the Wing. goe
hales in msnes a an9 were the only holes having propagating cpos geter than
0.3mm In depth dwrng the waveform acquisition. Thus, the craking indications

from the seali-adaptive prcsig of AN waveors weas confirmed.
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FMUD S Crack depths in wing RH56 as the fatigue test progreused4 ,38 . Predicted
sone location ot linger crckm are given in brackets. The start of AE waveform
acquisition (undertaken for approximately 200 flights) is also shown.
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Asbole d at OmI ofle Dpfdortee ad A alws

Pteasva 11h detailed loading information required for the dat analysis was
obtained by reconetreuting the load/time curve for the Mirage testing from the
strain and tise data recorded for each AZ event. Regions on the load/time curve
rr esponIng to the ranges 1-4 wre determined (Fig.9), with load range 1 being

calculated using empirIcly selected constants T-10 cycles (Corresponding to ML
being set at about 90% of the peak load for constant amplitude load cycling in
agreement with the results of background AR studies) and LC-3.2 g (i.e. close to half
the maximum load level of 7.5 g reached in the full-scale fatigue test). As the
fatigue test progressed, the distribution of At events among the four ranges was
compared for each zone; cracking indications were based on relatively high activity
in range 1.

Aplicatilon of dstailsd lod/time amnelsh For each zone, Fig. 10 shows the
distribution of AE events (among the four load ranges) Just prior to the failure of
Mirage wing RH. Zones 9, 10 and 11 were the only zowns in which the distributions
were clearly consistent with the expected behaviour of AE from fatigue crack
propagation such cracin ilndicatiom were obtained in zones 9, I0 and 11
throughout the AZ-monitoring of the fatigue test 4. However, the AE cracking
indicates were inconsistent with fractographic results obtained on completion of
the fatigue test (Flg.8) - as the test progressed, major cracks in the spar propagated
rapidly in the holes in zomes 5 and 9 (as discussed above) whereas late in testing small
cracks developed in the zone 8 hole.

The results of the earlier AZ waveform processing showed that inaccuracies
could be expected in the zone location of AZ events. Correction of the AE data
from the load analysis for this factor allowed a good agreement to be obtained
between the AE cracking indications in zones 9 and 11 and the large cracks present
in zones 5 and 9 (FiMg. 8). The similar levels of the AE cracking indications obtained
in the zones 9, 10 and 11 (Fig. 10) suggested that the AE activity in zone 10 was also
due to a large, rapidly propagating crack. Correction of the AZ data in zone 10 for
possible mis-soning showed that the substantial cracking indications obtained in zone
10 throughout the Mirage test could have been due to sources in either the zone 8 or
zone 10 boles (or, as suggested by the waveform analysis, to unguarded extraneous
sources). However, no cracks were measurable in the zone 8 and zone 10 holes early
in the test (FIg. 8). In addition, no cracks were measurable in the zone 10 hole and
only small cracks were found in the zone 8 hole late in the test. Hence, the zone 10
results obtained from the AE load analysis have to be classified as unreliable.

IM= 0 A typical load sequem and in the Mirage test, showing region on the
loading era cor oding to ranges 1 to 4 in which relative AZ activity was
compared .

J
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In summary, the load analysis of AE data was insufficient to positively identify
cracking wm used in Isolation. When used with calibration data, the sensitivity of
the load analysis to cracking was similar to that of the waveform analysis, resulting
in the detection of all cracks greater than 0.8 mm in depth'*. However, the load
analysis was les accurate than the waveform-analysis, and only gave cracking
i ndicatin to within one of several xones. In addition, the technique was leow
reliable than the waveform analys*s resulting in inconsistencies in the date and some
false cracking indication. Mensurements of additional AE features, such as those

ed in th veform-processing would be required to resolve these apparent
incosis e thou the use of more guard sensors would be a stop towards

removing false cracking Indicatiom). Additional features would also be required if
more accurate location of cracking indications were required.

CUNCLUDONS AND FACTIV AFFLC'IW FUyIJRZ AZ MONMMURINO

It can be concluded from the Mirage study above that semi-adaptive processing
of AE waveforms provides a valuable and reliable method for identifying AE due to
fatigue crack propagation, even when many spurious sources are present. Promising
results were also obtained using more empirical processing (based on extrapolation
from some of the known information on the load cycle dependence of AE events)
although some inconsistencies In cracking indications were obtained. In addition, the
limitations of applying () guard sensors to eliminate extraneous sources, and (ii)
sensor arrays for source location have been demonstrated.

The ARL research has resulted in the development of an extensive science-base
for future AE studies oa aircraft. Ideally, future AR-monitoring to identify and
locate fatigue crack propagation in complex-shaped aircraft components would
involve () preliminary processing using many guard sensors and an extensive sensor
array, (i) semi-adaptive processing with the minimum degree of adaptation possible,
and (D real-time amesment of defect criticality. In practice, the choice of
processing will require several factors to be considered and balanced, including the
reliability required of the inspection (which will determine the level of adaptation
necessary), the equipment available for the AN measurements, the resources
available for purchase of new equipment, space limitations in the aircraft for
installation of AE equipment, the need (and the resources available) for additional
background studies and the overall aim of undertaking AE monitoring. The
remainder of this discussion will briefly consider the implications of some of these
factors.

Reuebmty of Processing

Clearly, greater reliability in applying AR to identify and locate cracking is
related to lowering the degree of adaptation in AR processing: greater accuracy was
achieved from AB waveform processing (to wing RH56) than from the more adaptive
analysis of the load-dependence of AE events (the adaptive processing on wing RH79
could be classified as unreliable). Hence, the reliability required would be a major
factor (along with equipment availability) in choosing between AR waveform
processing and load analysis in a future application. Consideration could also be
given to Increasing reliability by undertaking additional background studies to
increase the uable information on AB source characteristics in complex-shaped
strucrm (s later); the degree of adaptation could then be reduced from that
applicable In te Mirage study.

• i ; ,II
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An improved capability for rejecting extraneous sources could be gained by the
application of more guard sensors than used in the Mirage test. In addition, the use
of a more extensive semor array could amble more accurate zone location of fatigue
crack propagation, provided that (D a single wave speed could be assumed for time-
of-flight calculations, or (ii) corrections could be made for multiple wave modes by
subsequent application of semi-adaptive processing. However, the major penalty
from applying more extensive arrays, etc., is the probable lowering of the AE data
acquisition rate, as time-consuming computation is involved if complicated
algorithms are used for on-line time-of-flight analysis.

The progress which continues to be made in all aspects of AE instrumentation
(including its miniaturization -o ) should greatly facilitate future in-flight
monitoring by AE. The current NBS research 1o should lead to a range of useful
sensors for non-adaptive measurements (which will allow very accurate source
location and identification), while the existence of sensors suitable for permanent
mounting in an aircraft has been demonstrated in this paper. In addition, the future,
in-flight utilization of powerful semi-adaptive processing, such as described herein,
will be greatly assisted by recent advances in dedicated microprocessors and
extended computer memories. In past years, equipment restrictions would have
resulted in the adoption of processing based on some form of load analysis (together
with limited analysis of parametric AE data) rather than the more cumbersome
acquisition of AE waveforms (and subsequent laboratory analysis of data). However,
the improvements in digital electronics will enable the direct in-flight application of
acceptance/rejection criteria (whether based on risetl.mes, lags, load-dependence or
more fundamental features) for distinguishing between AE sources. For example,
EPROMS are now available with storage up to 4 Mbit ", and DRAM-CMOS
dynamic random access memory are also available to 4 Mbit. The use of existing on-
board computer facilities, which would enable real-time defect assessment by AE, is
also a possibility.

Adit nal Background Studies

The semi-adaptive processing of AE waveforms from the Mirage wing enabled
the correct identification of cracking in the wing-spar by isolating AE events with
specific features. Iowever, these features were not shown to be unique to fatigue
cracking due to insufficient information on all the possible AE sources in the Mirage
test. Additional background studies could be undertaken to increase knowledge of
the characteristics of likely spurious sources in aircraft applicattions. Rowever, the
cost-effectiveness of such studies could be questioned, e.g. t. -re is no need to
determine unique features to distinguish between AE from crack propagation and
crack face rubbing as crack face rubbing is itself a useful crack indicator 12 . In
addition, thr. benefits of further studies would be marginal for AE-monitorlng of
complex-shaped structures as only limited information would be usable.

The semi-adaptive processing used in the present paper has been directed
towards AE-monitoring of aircraft aiuminium alloys but the procedures are generally
applicable to other aircraft materials. While many source-related features arm
known in composite, ceramic and other metallic aircraft
materials 9 J , additional studies on the load dependence of these sources
would be of value for future AE monitoring. Moreover, additional studies of features
such as the directivity patterns of both spurious and damage-related sources would
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be of benefit in the AK-monitoring of components with simpler shapes than the
Mirage wing. In such applications, non-adaptive processing could be feasible and a
unique inversion of AE data pcssible. Practical implementation of an accurate
source location system such as developed at Harwell 1 - could be useful in such
cases; the system could even be used to characterize better AE associated with
inclusion fracture during fatigue crack propagation by establishing the location(s) of
the inclusion fracture within the plastic zone.

AE ad Airwcrddth

The ARL research has demonstrated the feasibility of in-flight AE monitoring;
the ability of the technique to identify crack growth under laboratory and full-scale
fatigue test conditions has been established and the feasibility of in-flight A
measurements has been demonstrated. Real-time AE-monitoring also seems feasible
in the near future given the rapid advances being made in instrumentation.

In airworthiness terms, the capability of AE for identifying and locating
growing cracks in complex-shaped components has been established. However, an
examination of the procedures required for successful AE-monitoring shows that AE
is a specialist technique which is unlikely to be used routinely to determine
structural integrity. The benefits in applying AE are likely to be found when costs,
delays and even damage associated with the regular disassembly of an aircraft for
more conventional NDI become prohibitive. Moreover, the AE technique now offers
a solution to many of the inspection problems which cannot be tackled using
conventional techniques.
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